and would alter the intracellular pool sizes and the enzyme activities. Some transformed cells .leak growth factors (12) which further modifies the composition of the medium. Thus when normal and transformed cells are started in identical conditions, even with daily changes of the medium, they are in essentially very diSsimilar environmental conditions at the time of the experiment. A comparison of the pool sizes (13) or membrane carbohydrate components (14) after prolonged labeling could therefore be misleading, and perhaps the cause of directly
contradictory results (14, 15) . Another possible reason for the lack of more definitive studies is the fact that the pool sizes of some metabolites is very small, and a prohibitably large number of cell samples are needed for accurate measurements. Furthermore, the steady-state concentration of some metabolites can vary several-fold during conventional sampling and killing procedures.
Many of these difficulties can be circumvented by the use of steadystate radioactive tracer analysis, which has been successfully employed in the study of dynamics of metabolism in photosynthetic cells (16, 17) .
We have devi sed a unique "steady-state ,apparatus II for use in ti ssue culture cells which allows us to carefully control the environmental conditions during the course of our labeling experiments. Using kinetic tracer technique, the present report describes the flow of glucose carbon along the metabolic pathways in normal and Rous-transformed chick cells in culture. It is shown that the rate of glycogen formation and the pool sizes of glycolytic and pentose shunt intermediates increases with increasing transformation while the rate of carbon flow through the TCA cycle and amino acids is essentially unchanged and is independent of the degree of transformation.
MATERIALS AND METHODS
a. Growth of Cell Cultures. Primary cultures were prepared from 10-day old C/O or C/B type SPF chick embryos (18) free of resistance inducing factor as described previously (19, 9) . The cells were seeded in Medium 199, which was supplemented with tryptose phosphate broth (10%), calf serum (4%), and heated chicken serum (1%). Secondary cultures were prepared 4 days after the primary seeding by trypsinization of primary c. Kinetic and Steady-state Experiments. After 48 hours the secondary cultures were removed from the incubator and placed in our steady-state apparatus. The medium was changed to fresh Medium 199 (containing no tryptose phosphate or serum). After temperature and pH equilibration -6- (1 and 1/2 hours) without opening the system or removing the cells, the plates were washed 3 times with glucose-free Hank's buffer. Medium containing high specific activity l4C-glucose {New England Nuclear, final specific activity 53.5 mC/mM)was added to each culture. The cells were permitted to take up the radioactive substrate for various lengths of time in order to establish the rates of labeling of the various metabolic pools.
The medium was then removed and frozen for later analysis, the cells were washed rapidly with cold unlabeled glucose-containing Hank's buffer, and killed by addition of cold 80% methanol (less than 15 sec after removal of medium). The ki lled cells were then scraped with a rubber policeman, disrupted by sonic oscillation and applied to filter paper for analysis by two-dimensional paper chromatography (20) . The killing is almost instantaneous, as no change in metabolite pattern was observed when the cells were left in methanol for various times. The samples were first run with phenol:water:acetic acid (84:l6:1) for either 24 or 48 hours. After drying, the paper was turned 90° and run with butanol:water:propionic acid (50: 28:22) for another 24 or 48 hours. After drying, the location of the labeled metabolites was detected by radioautography and the content of l4C was determined as described (20) . The unknown spots were eluted and the procedure was repeated after addition of unlabeled known compounds which later were localized with appropriate chemical reactions. When good separation of the phosphorylated compounds was not achieved even in 48-hour chromatograms, these regions were eluted and treated with phosphatase [purified from Polidase S (Schwarz Laboratories) by ammonium sulfate precipitation; 25 ~g/0.3 ml]. The samples ~Jere left at 37°C overnight, taken up in 80% methanol, and rechromatographed as previously. Lactate. 14C components of the medium were isolated by column chromatography on a Bio-ge1 P-2 {200-400 mesh} column {1.5 x 120 cm}. A 14C_ activity elution profile was obtained and each radioactive peak was further purified by two-dimensional chromatography after the volume was reduced by lyophilization. The pure lactate and glucose were eluted and analyzed. Glucose was measured by the glucose oxidase method (22) . Duplicate samples wer~ placed in appropriate scintillation fluid and counted in a Packard scintillation counter (9) . RESULTS
To insure that the observed metabolic patterns of the cells were reflections of their normal states in tissue culture, the usual growth medium (Medium 199) ,was employed in all experiments except that l4C-labeled glucose was substituted for unlabeled glucose in the same concentration.
A typical radioautograph of a two-dimensional paper chromatogram (Fig. 1) shows the separation and identification of a large number of labeled compounds derived from the catabolism of l4C_glucose. Most of the phosphorylated metabolites seen close to the origin in this chromatogram were To test whether or not these steady-state labeling levels were equivalent to actual pool sizes, two kinds of experiments were performed.
In one, the lactate excreted into the medium was separated from glucose on a Bio-gel P-2 column, the lactate and glucose were further purified by chromatography, and the isolated compounds were assayed for 14C and total quantity, allowing the specific radioactivity to be calculated.
The specific radioactivity of lactate was found to be comparable to that of glucose (within 10%). It therefore may be concluded that the measured pool sizes of glycolytic intermediates (which are on the pathway from glucose to lactate) are close to the actual pool sizes. . cant l4C label remained after 1 hour in nucleotide and glutamate pools, and some label was still present in citrate and aspartate.
In the normal experiments (14C-9lucOse present during the period of sampling) the labeled pools of tricarboxylic acid cycle intermediates and amino acids did not i aach steady-state within 1 hour (Fig. 3) . In part, this is due to the presence of unlabeled amino acids in the medium which contribute to the intracellular pools of these amino acids (unpublished results). Moreover, the pools are large and the turnover of carbon from glucose is relatively slow, as demonstrated in the "chase" experiment.
Nevertheless, the rate of flow of 14C from glucose into the amino acids and citrate and malate is the same for normal and transformed cells (Fig. 3) .
In two other pathways of glucose metabolism, the pentose phosphate shunt and glycogen synthesis, the rates of carbon flow were increased To measure glycogen formation, the origin of the paper chromatograms (which contains glycogen along with proteins and other macromolecules) was hydrolyzed, and the glucose in the hydrolys.is products was separated by a second chromatography. Under the usual experimental conditions, the transformed cells formed about 10 times more glycogen than the normal cells, and a higher proportion of the radiocarbon at the origin was found in glycogen (Fig. 4) . It is noteworthy that when transformed cells were analyzed for glycogen prior to the infusion of fresh medium and after 48-hour growth, little or no glycogen was found, indicating that the cells had utilized their supply of glycogen after exhausting the supply of glucose in the medium.
The level of uridine diphosphoglucose (UDPG) was only slightly higher in transformed cells than in normal cells (Fig. 4) . This is probably the result of a higher level of glucose-6-phosphate and glucose-l-phosphate (which would make the UDPG pool higher) and the greater activity of glycogen synthesizing step (which would make the UDPG pool smaller).
Glucose concentration (10, 11, 9) , rate of growth and population density (9) all contribute to the regulation of glucose metabolism in cells in culture. The effect of population density was eliminated by comparing normal and transformed cells at more or less the same density (500-550 pg protein per 35-mm dish at the time of the experiment). When normal cells were induced to grow at a comparable growth rate with -11- transformed cultures by addition of 5% serum (23,2), the steady-state pool sizes of the glycolytic intermediates were still 2-and 3-fold lower than in transformed cultures (Table 1) . Moreover, addition of serUIil to transformed cultures increased the glycolytic pool sizes without any change ingrowth rate ( Table I ).
The effect of glucose concentration was demonstrated by labeling the cells in both 5.5 mM and 0.55 mM l4C-glucose; At the lower glucose concentration, there was a pronounced decrease in the glycolytic pools for both normal and transformed cells without any effect on the rate of carbon flow through the TCA cycle (Table I ). The differences between normal and transformed cells, however, were even more pronounced at 0.551ni~ glucose concentration, although the more rapid disappearance of glucose from the medium of transformed cells at this lm'/ glucose concentration did not allow the maintenance of steady-state conditions.
The rate of glycogen formation and the flow of carbon through the pentose shunt were also much lower at 0.55 mM glucose for both normal and transformed cells.
DISCUSSION
By using steady-state tracer techniques, we have measured and compared the pool sizes of glycolytic intermediates in normal and transformed cells and followed the rate of flow of carbon through other metabolic paths. In any comparison of nonnal and malignant cells, variations due to differences in growth rate must be considered. When added serum or trypsin treatment are used to induce normal density-inhibited chick cells to grow, glucose uptake increases immediately (23) . At identical growth rates, however, the rate of glucose uptake ;s still nigher in the -12-transformed cells (2, and Table I ). The increase in glucose uptake after mali.gnanttransformation was reported as long ago as 1925 by Cori and Cori (24) (Table I and unpublished results).
However, since the pattern and direction of such changes can be reproduced by varying the glucose concentration of the medium, it is conceivable that the increasooglucose upta·ke of the transformed cells may explain some or all of the changes observed. The data from Table I points to a correlation between the pattern of glucose metabolism and the glucose concentration in the medium, as well as to the rate of glucose transport.
That the glucose concentration in the medium is critical to enzyme levels has been shown in HeLa cells (10) 
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